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Abstract
BACKGROUND: Lemon processing procedures yield a signiﬁcant amount of waste as peels, which are 57% of processed lemons
and represent a possible source of bioactive compounds (essential oils, EOs). EOs were extracted from lemon fruits belonging
to four cultivars harvested at four diﬀerent sampling times (25October, 23 November, 20December, 1 February), characterized,
and quantiﬁed through gas chromatography–mass spectrometry.
RESULTS: The chemical composition of EOs highlighted that 26 compounds of the four lemon cultivars at the diﬀerent ripening
stages were clearly identiﬁed. The compounds analysed belonged to four chemical classes: monoterpene hydrocarbons,
oxygenated monoterpenes, sesquiterpenes, and fatty alcohol esters. Among the monoterpene hydrocarbons, D-limonene,
𝜷-pinene, and 𝜸-terpinenewere themost abundant; andamong theoxygenatedmonoterpenes,𝜶-terpineol, nerol, andgeraniol
were the most abundant. Quantitative gas chromatography–mass spectrometry analysis of the most abundant monoterpene
hydrocarbons (𝜶-pinene, 𝜷-pinene, myrcene, D-limonene, and 𝜸-terpinene) highlighted that the amount of EOs decreased
during ripening stages. ‘Ovale di Sorrento’ and ‘Sfusato Amalﬁtano’ showed the highest level of EOs in December, whereas in
‘FemminelloCerza’ and ‘FemminelloAdamo’ this occurred inNovember. EOs, aswell as thephenolic compounds,werepositively
correlated with the antioxidant activity (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid).
CONCLUSIONS:EOs reached thehighest level in the four lemoncultivarsatdiﬀerent ripeningstages.Campaniancultivars (‘Ovale
di Sorrento’ and ‘Sfusato Amalﬁtano’) showed the greatest EO content in November, whereas in Sicilian cultivars (‘Femminello
Cerza’ and ‘FemminelloAdamo’) this occurred inDecember. Besides phenolic compounds,measured in lemonpeel extracts, EOs
can contribute to antioxidant activity, as demonstrated by the positive correlation.
© 2019 Society of Chemical Industry
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INTRODUCTION
Citrus is one of the most widespread crops in the world, with
a production of approximately 102× 106 tons per year.1 Lemon
(Citrus limon L.) represents the third most important citrus cul-
tivation after orange and mandarin, with a worldwide produc-
tion of 4 200 000 tons per year.1 In Italy, lemon cultivation covers
28 000 ha, with a production of 304 000 tons per year, representing
one of the most important lemon production regions for process-
ing industries.1 In addition, the processing industries yield a signif-
icant amount of waste as peels, which represent 57% of processed
lemons. This waste could be considered as by-products, being a
source of functional ingredients such as ﬂavonoids, dietary ﬁbres,
and essential oils (EOs).1,2 The EOs are a liquid mixture of volatile
compounds, produced as secondary metabolites and usually hav-
ing a pleasant fragrance.3 The use of EOs could represent the ‘nat-
ural’ alternative to the synthetic antioxidants of foods, such as
thebutylatedhydroxyanisoleorbutylhydroxytoluene, that are sus-
pected to be harmful to human health.3 Consequently, consumers
and food producers are increasingly interested in EO applications
due to their antioxidant and antibacterial properties described
herein.
Wu et al.4 found that the antioxidant and scavenging activities
of EOs of Citrusmedica L. across consecutive stages (from immatu-
rity to completematurity stage) decreased. The authors attributed
this trend to the variation of the chemical composition within
secondary metabolism during the ripening stages.4 Di Vaio et al.5
found that there was no clear correlation between antioxidant
activity and EOs content in several C. limon varieties, cultivated in
South Italy, at the fully ripened stage, speculating that other phy-
tochemical compounds might have contributed to the observed
variations in the antioxidant activity.
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Furthermore, the EOs are used as an alternative to the synthetic
antimicrobials. In fact, several researchers studied the bioactivity
of EOs against bacteria, yeasts, and moulds.6 Settanni et al.7 eval-
uated the antimicrobial activity of three C. limon varieties at dif-
ferent ripening stages. They found that the oxygenated monoter-
pene could be involved in the bacterial inhibition process. Burt8
reported that the minor component of EOs, such as oxygenated
monoterpenes, had a higher inhibitory eﬀect than the compounds
at greater concentration (monoterpene hydrocarbons), proba-
bly because of the hydrogen bond capability of the oxygenated
monoterpenes. Peel wastes from C. limon L. have been largely con-
sidered for industrial processes of EOs extraction.7
Diﬀerent methods are commonly used for the extraction of
EOs, including steam distillation and solvent extraction. Steam
distillation is generally used on an industrial scale, especially for
D-limonene recovery.9 Unfortunately, besides the low EO removal,
the elevated temperature and the long extraction time could
modify the volatile molecules.9–11 In fact, EOs obtained through
steamdistillation can be easily degraded because of the instability
of terpene hydrocarbons. Conversely, Ruiz et al.9 showed that
solvent extraction, comparedwith steamdistillation, was themost
eﬃcientmethod for limonene recovery fromorangepeel.Diﬀerent
solvents were applied on the basis of their polarity, and thus the
more eﬃcient solvent could be selected to extract EOs.12
Several studies regarding the chemical composition of EOs from
C. limon peel, also speciﬁcally from Italian cultivars, have been
published,5,7,13–15 but few researches have focused on the evolu-
tion of EOs during the ripening stages.4,7,16 Poiana et al. studied
the volatile fraction composition of alcoholic extracts of lemon
belonging to lemon trees growing in a speciﬁc southern Italy geo-
graphic area famous for a typical citrus liquor. They found themax-
imum level of EO in peel of lemons collected in spring, demon-
strating the variations in EO composition over the season.14 Dugo
et al.16 showed that the limonene content of two cultivars of Sicil-
ian mandarin (Citrus deliciosa cv. Avana and cv. Tardivo di Ciaculli)
decreased from the beginning to the end of the ripening stages.
Bourgou et al.17 demonstrated that the ripening stage signiﬁcantly
aﬀected yields and composition of diﬀerent Tunisian Citrus spp.
(orange, lemon, orange maltaise, and mandarin). The immature
stage guaranteed greater EO yields in lemon, thus suggesting that
fruits could be harvested at the immaturity stage in order to obtain
high EOs yield and content.17 Conversely, Wu et al.4 highlighted
that the greatest EO yield in Citrus medica L. var. sarcodactylis
was reached at the maturity stage. In this case, the monoterpene
hydrocarbons were the main component of the samples and, in
particular, limonene and 𝛾-terpinene were the most abundant.
Also, Settanni et al.7 conﬁrmed that monoterpene hydrocarbons
were the prevalent compounds within EOs across ripening stages
of three South Italy cultivars of C. limon. Thus, the monoterpene
fraction represents between 55% and 94% of the EOs and the
limonene is 31–81%, according to theparticular cultivar and ripen-
ing stages.18 However, geographic and pedoclimatic conditions of
the cultivation area can also aﬀect the size of the monoterpene
fraction.4,5
Thephenolic compounds fraction contained in EOextracts could
also be used as an important indicator of the antioxidant capacity,
as a preliminary screen for EOs when intended as natural sources
of antioxidants.19
In a previous study, Di Vaio et al.5 analysed the content of ﬁve
monoterpene hydrocarbons in lemon fruit peel at complete ripen-
ing in mostly widespread C. limon cultivars within a lemon cultiva-
tion specialized area of South Italy. In order to add insights to the
pattern distribution of speciﬁc EOs in the fruit peel of four C. limon
cultivars (‘Ovale di Sorrento’, ‘Sfusato Amalﬁtano’, ‘Femminello
Cerza’, and ‘Femminello Adamo’), this paper aims to: (i) investigate
the gas chromatography–mass spectrometry (GC–MS) EOs pro-
ﬁle across fruit ripening; (ii) quantify the most abundant monoter-
pene hydrocarbons (𝛼-pinene, 𝛽-pinene, myrcene, D-limonene,
and 𝛾-terpinene) in order to identify the optimal ripening stage
for EO extraction; and (iii) ﬁnd correlations between antioxidant
activity and the EOs and phenolic compounds during ripening
stages.
MATERIALS ANDMETHODS
The experimental trial was conducted on lemon accessions
belonging to the germplasm ﬁeld of the University of Naples Fed-
erico II, located in Portici (Italy; 40∘48′67′′N, 14∘19′91′′E; elevation
60masl). The orchard was planted in 2004, and the soil texture
of the site is sandy loam. The climate is typically Mediterranean,
with a hot, dry summer and a mild winter. The lemon accessions
studied belonged to four Italian cultivars: ‘Ovale di Sorrento’ and
‘Sfusato Amalﬁtano’ from Campania and ‘Femminello Cerza’ and
‘Femminiello Adamo’ from Sicily. All the trees had been grafted
onto bitter orange (Citrus aurantium (L.)), trained to the globe
system at 5× 5 m2 spacing. Irrigation water was delivered using
a system with two drip nozzles per tree (4 L h−1). Pruning was
carried out annually, and fertilization and pest management were
carried out according to local standard practices.
Fruit sampling
In 2017, a sample of 30 fruits per cultivar, from diﬀerent parts of
the canopy, was harvested from three trees per cultivar at four
diﬀerent ripening stages:
• stage I (25October), when fruits had completely green peel;
• stage II (23November),when fruits hada less intensegreenpeel;
• stage III (20 December), when fruits had a slightly yellow peel;
• stage IV (1 February), when fruits had a completely yellow
peel.
Determination of the fruit peel colour
The peel colour of lemon fruits was measured at the four ripening
stages on two opposite spots along the equatorial axis of each
fruit using a Minolta Chroma Meter CR-400 (Minolta Corp., Osaka,
Japan) and expressed as CIELAB coordinates (L*, a*, b*).20 In this
system of colour representation the values L*, a*, and b* describe
a uniform three-dimensional colour space, where L* corresponds
to a dark/bright scale (L* = 0 equates to black, L* = 100 equates
to white), a* is negative for green and positive for red, and b* is
negative for blue and positive for yellow.
Fruits were divided into peel and pulp, then the pulp was
squeezed into juice and the percentage of juice was calculated.
The peel and juice were immediately placed in liquid nitrogen and
stored at −80 ∘C until analysed.
Chemicals
Standards of n-dodecane, 𝛼-pinene, 𝛽-pinene, myrcene, D-
limonene, and 𝛾-terpinene were purchased from Dr. Ehren-
storfer GmbH (Augsburg, Germany). Catechol was purchased from
Sigma Aldrich Merck (Darmstadt, Germany). Solvents and all other
chemicals were supplied by Carlo Erba Reagents (Milan, Italy).
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Determination of total soluble solids, pH, and titratable
acidity
Total soluble solids (TSS) values were measured with a digital
refractometer (model 3405; Atago®, Tokyo, Japan), equippedwith
a temperature compensation system. The juice pH was deter-
mined at room temperature using a pH meter (Crison, Barcelona,
Spain), whereas the titratable acidity, expressed as grams per litre
of citric acid,wasmeasuredby titrating10 mLof juice sampleswith
0.1 M NaOH to pH 8.2. All the measurements were performed in
triplicate in each fruit.
EO extraction and quantiﬁcation
The EO extraction was performed according to Di Vaio et al.5 with
somemodiﬁcations. Brieﬂy, 25 g of homogenized lemon peels was
extracted three times with 85mL of n-hexane in 100mL ﬂasks on
a horizontal shaker for 3 h at 4 ∘C in the dark. After that, in order to
remove water, anhydrous sodium sulphate was added. The sam-
ple was ﬁltered and enriched with n-dodecane (purchased from
Dr. Ehrenstorfer), as internal standard, before gas chromatographic
analysis. The GC–MS analysis was carried out using a Perkin Elmer
AutosystemXL coupledwith a TurbomassGoldmass spectrometer
and RTX-5MS capillary column (30m× 0.25mm i.d. × 0.25 μm ﬁlm
thickness). TheGC–MSoperating conditionswere as follows: initial
temperature 60 ∘C held for 5 min, increased at a rate of 4 ∘Cmin−1
to 160 ∘C, increased at a rate of 15 ∘Cmin−1 to 240 ∘C. The tempera-
turewas then increasedat a rateof 10 ∘Cmin−1 to aﬁnal isothermal
step at 300 ∘C and held for 10 min. Injector and detector temper-
atures were 250 ∘C and 280 ∘C respectively. Helium (1.0 mLmin−1)
wasusedas a carrier gas. The injectionvolumewas1 μL.Mass spec-
trawere obtained in electron ionizationmode at 70 eV, scanning in
the range includedwithin 50 and 650m/z, with a scan cycle rate of
0.2 s−1.
The individual peaks were identiﬁed by comparing the mass
spectra with National Institute of Standards and Technology mass
spectral database. Therefore, the compounds having a matching
similarity ≥90% were selected as results. Possible co-elution and
peak overlapping were taken into account by analysing the mass
spectra not only for the centre of eluted peaks but also in corre-
spondence of the peak border. Standard solutions having known
concentrations of 𝛼-pinene, 𝛽-pinene, myrcene, D-limonene, and
𝛾-terpinene were used to build calibration curves.
EO concentrations were expressed as grams per kilogram fresh
weight (fw).
Total phenolic content
Before measuring total phenolic compounds (TPC), the n-hexane
extracts were dried under nitrogen and redissolved in acetone;
after that, TPC were measured by using the Folin–Ciocalteu
reagent (Sigma Aldrich Merck, Darmstadt, Germany). Accord-
ing to Di Matteo et al.,21 a suitable volume (830 μL) of deion-
ized water (18.2 MΩ cm; Milli-Q Millipore) and Folin–Ciocalteau
reagent (50 μL) was added to 20 μL of sample. After 3 min, 100 μL
of 6% NaOH was added and the absorbance at 725 nm was mea-
sured after 1 h incubation. The phenol content was calculated by
calibration curve obtained with catechol.
Determination of the antioxidant activity
The Trolox equivalent antioxidant capacity (TEAC) of EO extracts
in acetone was determined according to Di Matteo et al.21
Brieﬂy, 1 mL of cationic 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS+) reagent was added to 100 μL of extract
and reactions were left to stand for 5 min. The ABTS+ reagent
was prepared by adding a 7mM aqueous solution of ABTS to
potassium persulphate at a ﬁnal concentration of 2.45mM and
allowing the mixture to stand in the dark at 4 ∘C for 12–16 h
before use. The reaction absorbance was assessed at 734 nm
using a NanoPhotometer (Implen GmbH, Munich, Germany). The
TEAC was estimated according to a linear regression calculated
on a series of known concentration of Trolox over a dynamic
range of 0 to 22 nmol of Trolox. Samples were assayed in triplicate
reactions. Results were expressed as milligrams per kilogram fw.
Statistical analysis
Statistical analyses were performed using the SPSS program pack-
age, version 21 (SPSS Inc., Chicago, IL, USA). Data collected were
subjected to analysis of variance (ANOVA), and the means were
separated by the Duncan test at P≤ 0.05.
RESULTS ANDDISCUSSION
Physical and chemical characteristics of fruits
The juice content of lemons, expressed as a percentage of the total
weight of fruit, was higher in ‘Femminello Cerza’ (48.5%) than in
‘Sfusato Amalﬁtano’ and ‘Femminello Adamo’ (Table 1).
With regard to the TSS, a signiﬁcantly lower level (6.8∘Bx) was
detected in ‘Femminello Adamo’ than in ‘Ovale di Sorrento’ and
‘Sfusato Amalﬁtano’. The titratable acidity and pH of the juice did
not show signiﬁcant variations among cultivars (Table 1).
Another morphological parameter that may aﬀect the techno-
logical value of lemon fruits is the peel thickness, as it is strongly
related to the extractable amount of EOs.22 Among the four culti-
vars studied, ‘SfusatoAmalﬁtano’ produced fruits having thegreat-
est peel thickness (2.4mm; Table 1).
Fruit chromaticity was measured in CIELAB colour space coordi-
nates (L*, a*, b*; Table 1).
The L* value increased signiﬁcantly across ripening stages, and
‘Sfusato Amalﬁtano’ highlighted higher levels at all stages, thus
indicating its greater lightness of fruit peel (Table 1). As for the
parameter a*, it ranged on average from −17.9 at the ﬁrst sam-
pling time to−1.82 at the last sampling, irrespective of the cultivar,
highlighting a reduction in thegreen colour of peel across ripening
(Table 1). The expression level of b*, which indicates the variation
of the yellow colour, increased signiﬁcantly as the ripening pro-
ceeded, from an average of 35.4 in the ﬁrst ripening stage to an
average of 56.4 in the last stage.
Composition and quantiﬁcation of EOs
Chemical composition of EOs during ripening stages
The chemical composition of extracted EOs was analysed during
ripening stages (Table 2). A total of 26 compounds were clearly
identiﬁed in the fruit peel extracts of the four cultivars and at
diﬀerent ripening stages. Signiﬁcant variations among cultivars
and ripening stages were observed.
The compounds analysed were assigned to four chemical
classes: monoterpene hydrocarbons, oxygenated monoterpenes,
sesquiterpenes, and fatty alcohol esters. Monoterpene hydro-
carbons were the dominant fraction of EOs, with an average
relative abundance of 94.5%. During the ripening they decreased
from 95.2% to 93.3%, and among them the compounds repre-
sented most were D-limonene, 𝛽-pinene, 𝛾-terpinene, 𝛼-pinene,
𝛽-phellandrene, and p-cymene. Major oxygenatedmonoterpenes,
such as 𝛼-terpineol, nerol, and geraniol, showed an increasing
J Sci Food Agric (2019) © 2019 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Table 1. Physical and chemical parameters, and CIELAB coordinates (mean± SE) of four diﬀerent cultivars at diﬀerent developmental stages (stage
I: 25 October; stage II: 23 November; stage III: 20 December; stage IV: 1 February)
Parameter Stage ‘Ovale di Sorrento’ ‘Sfusato Amalﬁtano’ ‘Femminello Cerza’ ‘Femminello Adamo’
Peel thickness (mm) 2.1± 0.1 bc 2.4± 0.1 a 2.2± 0.1 b 2.0± 0.1 c
Juice content (%) 42.6± 3.6 ab 39.3± 2.4 b 48.5± 3.2 a 40.6± 3.0 b
TSS (∘Bx) 7.4± 0.2 a 7.2± 0.2 a 7.1± 0.4 ab 6.8± 0.6 b
Juice pH 2.3± 0.1 a 2.3± 0.1 a 2.3± 0.1 a 2.3± 0.1 a
Titratable acidity (g L−1) 80.9± 9.0 a 80.6± 12.5 a 79.8± 11.9 a 78.1± 12.8 a
L* I 52.3± 5.1 Ca 48.3± 4.5 Ca 49.8± 3.4 Ca 50.7± 4.9 Ca
II 45.8± 0.7 Dc 48.7± 1.0 Cb 52.6± 1.4 Ca 51.9± 1.9 Ca
III 63.0± 1.1 Ba 62.8± 0.9 Ba 63.1± 1.0 Ba 67.4± 4.2 Ba
IV 70.5± 1.1 Aa 68.8± 2.4 Ab 69.6± 1.0 Ab 71.9± 1.5 Aa
a* I −18.0± 1.0 Ca −17.9± 1.1 Ca −18.0± 1.1 Ca −17.8± 1.4 Ca
II −17.0± 1.0 Ca −16.7± 0.8 Ca −17.5± 0.3 Ca −17.3± 1.3 Ca
III −10.3± 3.0 Ba −11.2± 1.1 Ba −12.0± 1.9 Ba −9.7± 3.5 Ba
IV −0.6± 0.3 Aa −1.4± 0.6 Aa −3.8± 0.2 Ab −1.5± 0.6 Aa
b* I 34.0± 0.7 Da 35.5± 1.0 Da 35.8± 3.0 Ca 36.5± 3.0 Ca
II 40.1± 1.2 Ca 39.0± 0.8 Ca 38.4± 4.1 Ca 39.2± 2.8 Ca
III 48.9± 0.5 Ba 47.6± 0.4 Bb 45.4± 0.6 Bc 48.7± 0.8 Ba
IV 57.9± 0.8 Aa 56.3± 0.4 Ab 54.6± 0.5 Ac 56.9± 0.8 Aa
Diﬀerent upper-case letters indicate signiﬁcant diﬀerences among ripening stages in the same cultivar, whereas diﬀerent lower-case letters indicate
signiﬁcant diﬀerences among cultivars in the same ripening stage at Duncan post-hoc test (P < 0.05).
trend (from 3.9% to 5.5%) during ripening (Table 2). Sesquiter-
penes (<1%), which included caryophyllene and 𝛽-bisabolene,
were by far less relevant among fractions (Table 2).
Among monoterpene hydrocarbons, the percentage of
D-limonene reached the maximum value in October in ‘Sfusato
Amalﬁtano’ (76.99%) and ‘Femminello Cerza’ (69.29%), in Decem-
ber in ‘Ovale di Sorrento’ (71.76%), and in February in ‘Femminello
Adamo’ (76.32%). On the other hand, 𝛽-pinene was more abun-
dant in November in all four cultivars, with an average of 12.90%.
The higher percentage of 𝛾-terpinene was observed in October
(stage I) in ‘Femminello Cerza’ (8.69%), in December in ‘Ovale di
Sorrento’ (8.59%) and ‘Sfusato Amalﬁtano’ (8.83%), and in Novem-
ber in ‘Femminello Adamo’. This latter reached a relative content
in November that was signiﬁcantly higher (10.38%) than that of
the other cultivars. The trend of 𝛽-phellandrene and sabinene
showed signiﬁcant changes among cultivars and ripening stages.
In particular, 𝛽-phellandrene increased from October to Novem-
ber, after which it signiﬁcantly decreased until February in ‘Ovale
di Sorrento’ and ‘Sfusato Amalﬁtano’, whereas the percentage
value decreased in December and remained unchanged until
February in ‘Femminello Cerza’ and ‘Femminello Adamo’ (Table 2).
Sabinene decreased in ‘Ovale di Sorrento’ during ripening and
remained substantially unchanged in ‘Sfusato Amalﬁtano’. In
‘Femminello Cerza’ and ‘Femminello Adamo’ this compound
reached themaximumpercentage (0.63% and 0.60% respectively)
in December. Noteworthy is that the peel level of 𝛿-3-carene in
Ovale di Sorrento peaked at 1% in December (Table 2).
Among oxygenated monoterpenes, nerol and geraniol showed
a similar trend: their relative abundance peaked in February in
‘Ovale di Sorrento’ (4.58% and 5.01% respectively); conversely, the
other three cultivars expressed the highest percentage of nerol
and geraniol in December (Table 2). The percentage of 𝛼-terpineol
reached the greatest values in October (‘Ovale di Sorrento’ and
‘Femminello Cerza’) and in November (‘Sfusato Amalﬁtano’ and
‘Femminello Adamo’) (Table 2).
Within EOs, no statistical diﬀerence was found among
either ripening stages or cultivars for camphene, camphor,
(R)-(+)-citronellal, cis-verbenol, terpinen-4-ol, neryl propionate,
caryophyllene, trans-bergamotene, 𝛾-elemene, 𝛽-bisabolene, and
germacreneD-4-ol (Table 2).
Terpenes are a group of secondary metabolites whose
increase/decrease is strictly related to their biological functions
and linked not only to hormone biosynthesis but also to protec-
tion mechanisms against UV radiation and photo-oxidative stress,
thermal protection, pollinator attraction, membrane stabiliza-
tion, resistance against insects and microorganisms, plant–plant
signalling, ans so on.23
Our ﬁndings were consistent with other studies showing a
variation of many components of C. limon EOs across ripen-
ing stages.16,17 The expression of monoterpenes in citrus (Citrus
unshiu) fruits showed variation during development stages and
occurredmainly in peels at an early stageof fruit development, dis-
appearing or decreasing at later stages.24 In particular, monoter-
pene hydrocarbons characterized by a high unsaturation level are
unstable compounds because of factors such as light, heat, and
oxidation.5 D-Limonene during ripening stages can undergo enzy-
matic degradation,25 or its synthesis, common to cyclic monoter-
penes, from neril pyrophosphate could be slowed down, favour-
ing the synthesis of linear monoterpenes such as geraniol and
nerol starting from geranil pyrophosphate (Supporting Informa-
tion Figs S1 and S2). Therefore, a decrease in D-limonene would
correspond to an increase in nerol and geraniol that was observed
only in ‘Ovale di Sorrento’ in our study (Table 2). Also, no nega-
tive correlation between 𝛾-terpinene and p-cymenewas detected,
though Bourgou et al.17 highlighted 𝛾-terpinene as a precursor of
p-cymene.
The percentage of oxygenated monoterpenes in the four lemon
cultivars during ripening stageswas consistentwith Settanni et al.7
They were present in smaller amounts than monoterpene hydro-
carbons, and followed a trend related to the monoterpene hydro-
carbon variation during ripening stages.25
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Table 2. EOs (relative percentage of total ion chromatogram) extracted from lemon peel of four diﬀerent cultivars (Cv) at diﬀerent ripening stages
(S) (stage I: 25 October; stage II: 23 November; stage III: 20 December; stage IV: 1 February)
‘Ovale di Sorrento’ ‘Sfusato Amalﬁtano’ ‘Femminello Cerza’ ‘Femminello Adamo’ Statistical signiﬁcance
Compound I II III IV I II III IV I II III IV I II III IV Cv S Cv× S
Monoterpene hydrocarbons
𝛼-Phellandrene 0.32 0.35 0.27 0.24 0.18 0.26 0.27 0.21 0.19 0.33 0.22 0.23 0.23 0.20 0.20 0.21 *** *** ***
𝛼-Pinene 1.16 1.52 1.24 1.11 0.87 1.20 1.21 0.99 0.99 1.59 1.06 1.16 0.94 1.51 0.99 1.14 ** ** **
Camphene 0.07 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.06 0.08 0.04 0.07 0.06 0.05 0.05 0.05 ns ns ns
𝛽-Phellandrene 1.93 2.31 1.72 1.66 1.29 2.13 1.91 1.56 1.51 2.69 1.65 1.71 1.35 2.10 1.52 1.60 ** ** **
𝛽-Pinene 12.94 13.07 10.26 10.64 7.89 12.02 10.55 11.01 10.16 14.74 11.84 12.39 7.74 11.14 10.41 10.27 *** *** ***
Myrcene 0.75 0.47 0.54 0.45 0.60 0.57 0.59 0.64 0.54 0.82 0.47 0.47 0.96 0.67 0.50 0.38 *** *** ***
p-Cymene 1.94 1.66 1.29 1.24 1.03 1.43 1.03 1.27 1.67 1.37 1.10 1.37 0.69 1.39 1.05 0.80 *** *** ***
D-Limonene 68.03 66.68 71.76 64.17 76.99 70.02 69.42 70.44 69.29 63.67 67.81 67.61 74.95 66.42 71.64 76.32 *** *** ***
𝛿-3-Carene 0.12 0.81 1.00 0.09 0.10 0.07 0.08 0.08 0.14 0.11 0.09 0.09 0.08 0.07 0.06 0.03 * * ns
𝛾-Terpinene 8.17 8.43 8.59 7.59 7.14 7.17 8.83 7.54 8.69 7.97 8.61 8.65 7.25 10.38 6.96 5.51 *** *** ***
Sabinene 0.53 0.44 0.28 0.28 0.31 0.37 0.38 0.38 0.56 0.46 0.63 0.36 0.39 0.56 0.60 0.16 * * *
𝛼-Terpinolene 0.60 0.44 0.43 0.52 0.40 0.34 0.31 0.47 0.41 0.40 0.40 0.56 0.42 0.37 0.42 0.43 * * *
Camphor 0.04 0.08 0.07 0.05 0.07 0.10 0.08 0.08 0.11 0.10 0.10 0.06 0.09 0.08 0.09 0.02 ns ns ns
(R)-(+)-Citronellal 0.01 0.03 0.04 0.06 0.07 0.08 0.05 0.12 0.04 0.04 0.06 0.07 0.03 0.04 0.06 0.03 ns ns ns
Oxygenatedmonoterpenes
Terpinen-4-ol 0.13 0.05 0.06 0.04 0.04 0.03 0.12 0.15 0.05 0.03 0.06 0.03 0.03 0.03 0.04 0.02 ns ns ns
cis-Verbenol 0.09 0.03 0.05 0.01 0.09 0.12 0.04 0.02 0.16 0.12 0.10 0.08 0.05 0.06 0.14 0.01 ns ns ns
𝛼-Terpineol 0.82 0.74 0.68 0.55 0.54 0.73 0.67 0.61 0.83 0.81 0.80 0.46 0.65 0.79 0.74 0.21 *** *** ***
Nerol 0.96 1.06 0.85 4.58 0.92 1.19 1.51 1.41 1.73 1.65 1.70 1.55 1.64 1.40 1.59 0.98 *** *** ***
Geraniol 1.07 1.28 1.16 5.01 0.98 1.66 2.23 1.85 2.31 2.38 2.38 1.87 1.95 2.08 2.14 1.08 *** *** ***
Lavandulol 0.07 0.12 0.12 0.19 0.12 0.17 0.21 0.36 0.19 0.17 0.28 0.50 0.16 0.29 0.24 0.37 ** ** **
Fatty alcohol esters
Neryl propionate 0.00 0.00 0.03 0.07 0.00 0.02 0.03 0.15 0.06 0.08 0.07 0.23 0.05 0.09 0.09 0.10 ns ns ns
Sesquiterpene hydrocarbons
Caryophyllene 0.07 0.12 0.11 0.12 0.08 0.07 0.08 0.13 0.09 0.09 0.13 0.13 0.06 0.07 0.09 0.06 ns ns ns
trans-Bergamotene 0.08 0.10 0.12 0.14 0.07 0.08 0.10 0.16 0.07 0.08 0.13 0.13 0.11 0.09 0.15 0.09 ns ns ns
𝛾-Elemene 0.03 0.04 0.04 0.06 0.04 0.04 0.05 0.09 0.07 0.07 0.10 0.10 0.03 0.04 0.06 0.05 ns ns ns
𝛽-Bisabolene 0.09 0.11 0.12 0.14 0.10 0.09 0.10 0.20 0.09 0.13 0.14 0.12 0.10 0.09 0.16 0.09 ns ns ns
Germacrene D-4-ol 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.02 0.00 0.01 0.03 0.03 0.00 0.01 0.01 0.00 ns ns ns
Levels of signiﬁcance in ANOVA test: ns: not signiﬁcant; * 0.01< P < 0.05; ** 0.001< P < 0.01; *** P < 0.001.
Besides the monoterpene hydrocarbons and oxygenated
monoterpenes, the remaining compounds contributed with <1%
out of the all EOs.25
Overall, the qualitative and quantitative diﬀerences in the com-
ponents of EOs registered in diﬀerent studies may be due to
genetic, geographic, seasonal variation, organs of plants, cultivar,
species, ripening stage, cultural practices, extractionmethods, and
environmental and climate conditions.26
Quantiﬁcation of EOs during ripening stages
In our approach, the ﬁve most abundant monoterpene hydro-
carbons (i.e. 𝛼-pinene, 𝛽-pinene, myrcene, D-limonene, and
𝛾-terpinene) were selected as representative of EOs and under-
went quantitative GS–MS analysis. Figure 1 shows the sum of the
ﬁve monoterpene hydrocarbons measured in the diﬀerent lemon
cultivars. This approach highlighted that the ﬁve monoterpene
hydrocarbons represented 90.5% of total EOs.
At diﬀerent sampling times, signiﬁcantly diﬀerences in EOs were
observed among cultivars (Fig. 1). In the ﬁrst stage, the concentra-
tion of the ﬁve EOswas similar in ‘Ovale di Sorrento’, ‘Sfusato Amal-
ﬁtano’, and ‘Femminello Cerza’, whereas ‘Femminello Adamo’ had
a signiﬁcantly greater value (26.04 g kg−1 fw). In this latter cultivar,
the value continued to increase to 34.87 g kg−1 fw in November
(Fig. 1).
According to several authors,17,25,27,28 ‘Ovale di Sorrento’ and
‘SfusatoAmalﬁtano’ expressed their highest level of theoverall EOs
in December (stage III), whereas the overall level of EOs peaked
in November in ‘Femminello Cerza’ and ‘Femminello Adamo’. The
EO sum in fruit peel decreased dramatically at ripening (stage
IV, in February) in all four cultivars. The EO content is generally
aﬀected by diﬀerent factors, such as fruit size, peel thickness, oil
gland density, heat, and light oxidation.5,27 In our study, the peel
thicknessof citrus fruitwas inversely related to theEOs (r = −0.333)
as observed in ‘Femminello Adamo’: this cultivar had the thinnest
peel and showed a higher EO content (Table 1 and Fig. 1). This
behaviour was inconsistent with the direct relationship between
peel thickness and EO content demonstrated by Quaggio et al.22
Inorder tobetter understand the trendof themainEOsextracted
from lemon fruit peels, we took into account the individual con-
tribution of each monoterpene hydrocarbon (𝛼-pinene, 𝛽-pinene,
myrcene, D-limonene, and 𝛾-terpinene) in the diﬀerent cultivars
at diﬀerent sampling times (Fig. 1 and Table S1). D-Limonene
was the most abundant EO, ranging from 10.00 g kg−1 in
‘Femminello Cerza’ (February) to 25.30 g kg−1 in ‘Femminello
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Figure1. Levels of EOs expressedas sumof𝛼-pinene, 𝛽-pinene,myrcene, D-limonene, and 𝛾-terpinene, extracted fromdiﬀerent lemoncultivars across fruit
ripening stages (stage I: 25 October; stage II: 23 November; stage III: 20 December; stage IV: 1 February). Diﬀerent upper-case letters indicate signiﬁcant
diﬀerences among ripening stages in the same cultivar, whereas diﬀerent lower-case letters indicate signiﬁcant diﬀerences among cultivars at the same
ripening stage in Duncan post-hoc test (P < 0.05).
Adamo’ (November), followed by 𝛽-pinene ranging from
1.53 g kg−1 in ‘Sfusato Amalﬁtano’ (October) to 4.61 g kg−1 in
‘Femminello Adamo’ (November). At lower levels, the average
concentration of 𝛾-terpinene ranged from 0.90 g kg−1 (February)
to 3.76 g kg−1 (November), with both values occurring in ‘Fem-
minello Adamo’. The less relevant fraction was represented by
myrcene and 𝛼-pinene (<1.00 g kg−1), which showed a signiﬁcant
change across ripening stages, however (Table S1).
Concentrations of D-limonene and 𝛼-pinene peaked in Decem-
ber in ‘Ovale di Sorrento’ and ‘Sfusato Amalﬁtano’, but peaked in
November in ‘Femminello Cerza’ and ‘Femminello Adamo’. Con-
versely, the 𝛽-pinene maximum yield was recorded in December
in ‘Ovale di Sorrento’ (2.48 g kg−1 fw) and in November in ‘Sfusato
Amalﬁtano’ (3.23 g kg−1 fw), ‘Femminello Cerza’ (4.04 g kg−1 fw),
and ‘Femminello Adamo’ (4.61 g kg−1 fw). Finally, the highest value
of 𝛾-terpinene was reached in November in ‘Sfusato Amalﬁtano’
(1.91 g kg−1 fw) and ‘Femminello Adamo’ (3.76 g kg−1 fw) and in
December in ‘Ovale di Sorrento’ (1.82 g kg−1 fw) and ‘Femminello
Cerza’ (2.27 g kg−1 fw).
The level of each EO in diﬀerent lemon cultivars across ripen-
ing changed without signiﬁcant correlations among all EOs.
These results are in disagreement with the evidence reported by
Taghadomi-Saberi et al.29
TPC and antioxidant activity of EO extracts
The TPC content was measured in the EO extracts dissolved in
acetone and the results are shown in Fig. 2. A signiﬁcant greater
amount of total phenols was registered in ‘Ovale di Sorrento’ in
October (159.1 mgcatechol kg−1 fw) andNovember (164.2 mgcat-
echol kg−1 fw), after which the TPC signiﬁcantly decreased until
February (72.0 mgcatechol kg−1 fw). Thephenol content trendwas
diﬀerent in ‘Sfusato Amalﬁtano’: a signiﬁcant increment in Novem-
ber (221.2 mg catechol kg−1 fw) was observed, but then a signiﬁ-
cant decrease occurred until February (76.9 mg catechol kg−1 fw).
The two Sicilian cultivars were characterized by a greater TPC con-
tent than the Campanian cultivars (Fig. 2). In both ‘Femminello
Cerza’ and ‘Femminello Adamo’, a peak in TPC content arose in
November (300.0 mg catechol kg−1 fw and 352.8 mg catechol kg−1
fw respectively). After that, the phenols content declined signiﬁ-
cantly in December in both cultivars (Fig. 2). In February, the TPC
content signiﬁcantly increased, especially in ‘Femminello Adamo’
(168.6 mg catechol kg−1 fw). As suggested by several authors,19,30
TPC contained in lemon peel extracts across ripening stages could
be used as an indicator of the antioxidant capacity.
The antioxidant activity was measured through TEAC assay to
evaluate the contribution of EOs and TPC. This test is based
on the ability of an antioxidant compound to scavenge ABTS
radicals.21 The results of TEACof EO extracts redissolved in acetone
are reported in Fig. 3. ‘Ovale di Sorrento’ was characterized by
a greater antioxidant activity in October (71.2 Trolox kg−1 fw),
whereas ‘Sfusato Amalﬁtano’ in November (67.8 mg Trolox kg−1
fw) to signiﬁcantly decrease until February in both Campanian
cultivars (43.5 mg Trolox kg−1 fw in ‘Ovale di Sorrento’ and 32.2 mg
Trolox kg−1 fw in ‘Sfusato Amalﬁtano’) (Fig. 3). Conversely, the
Sicilian ‘Femminello Cerza’ and ‘Femminello Adamo’ showed a
signiﬁcant increase of TEAC in November (73.1 mg Trolox kg−1 fw
and 77.8 mg Trolox kg−1 fw respectively) whereas in December
the antioxidant activity signiﬁcantly declined (Fig. 3), to rise again
in February in both ‘Femminelle Cerza’ and ‘Femminello Adamo’
(50.1 mg Trolox kg−1 fw and 53.3 mg Trolox kg−1 fw respectively;
Fig. 3).
The TPC content and the TEAC activity followed the same trend
during ripening stages (Figs 2 and 3), as demonstrated by the
direct correlation (r = 0.834). A direct correlation of the antioxidant
activity with EOs was also observed (r = 0.621) according to Park
et al.,30 who found the antioxidant activity was related to the TPC
content in orange peel extracts. In addition, they demonstrated
wileyonlinelibrary.com/jsfa © 2019 Society of Chemical Industry J Sci Food Agric (2019)
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Figure 2. TPC (expressed as milligrams of catechol per kilogram of fw) extracted from diﬀerent lemon cultivars across fruit ripening stages (stage I: 25
October; stage II: 23 November; stage III: 20 December; stage IV: 1 February). Diﬀerent upper-case letters indicate signiﬁcant diﬀerences among ripening
stages in the same cultivar, whereas diﬀerent lower-case letters indicate signiﬁcant diﬀerences among cultivars at the same ripening stage in Duncan
post-hoc test (P < 0.05).
Figure 3. Levels of TEAC in the lemon peel extracts from diﬀerent lemon cultivars across fruit ripening stages (stage I: 25 October; stage II: 23 November;
stage III: 20 December; stage IV: 1 February). Diﬀerent upper-case letters indicate signiﬁcant diﬀerences among ripening stages in the same cultivar,
whereas diﬀerent lower-case letters indicate signiﬁcant diﬀerences among cultivars at the same ripening stage in Duncan post-hoc test (P < 0.05).
the maximum antioxidant activity was measured in the acetone
extracts compared with other solvents.30
The antioxidant activity should be attributed to several com-
pounds present in the extract regardless of their concentration.
The contribution to the antioxidant activity could derive from
minor components rather than the major components, and syn-
ergistic or antagonistic eﬀects of diﬀerent compounds should be
considered.4 Our results are in accordance with those of Di Vaio
et al.5 in C. limon L. and Wu et al.4 in C. medica L. Both found that
antioxidant activity was related to the variation of the chemical
composition and also of the minor components and the possi-
ble interaction between the diﬀerent substances that could aﬀect
the biological activity. Furthermore, the antioxidant activity of
lemon peel EOs could depend on the system composition and
concentrations of EOs. Boudries et al.31 found that, individually, cit-
ral and limonene showed the lowest antioxidant activity, whereas
the activity of the mixture was greater, conﬁrming the synergetic
eﬀects on the antioxidant activity of the single components.
CONCLUSIONS
In conclusion, the chemical composition of EOs extracted from
the four cultivars of C. limon encompasses 26 compounds consist-
ing of monoterpene hydrocarbons, oxygenated monoterpenes,
sesquiterpenes, and fatty alcohol esters. Signiﬁcant variation
across ripening in EOs was registered only in monoterpene
hydrocarbons and oxygenated monoterpenes.
Five monoterpene hydrocarbons (𝛼-pinene, 𝛽-pinene, myrcene,
D-limonene, and 𝛾-terpinene) represented 90.5% of the total EOs
and reached the highest level in the four lemon cultivars at
diﬀerent ripening stages: Campanian cultivars (‘Ovale di Sorrento’
and ‘Sfusato Amalﬁtano’) reached the greatest EO content in
November, whereas in the Sicilian cultivars (‘Femminello Cerza’
and ‘Femminello Adamo’) this occurred in December.
The EO extracts showed antioxidant activity that can be
attributed to EOs as well as the phenolic components of EO
extracts as strictly correlated with TEAC, though the contribution
of other compounds cannot be excluded.
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EOs have a great economic importance in the food industry and
pharmaceutical application, and also in pest control in agriculture.
Greater knowledge on the best period to obtain major yields of
EOs in vegetal species can help to optimize their production and
also for purposes related to their antioxidant activity.
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